Graded Sonic hedgehog signaling may generate neuronal diversity in the ventral spinal cord in two steps: the creation of a generic population of ventral progenitors, followed by the Pax6-dependent generation of distinct subpopulations within these ventral progenitors. In the last decade, a series of findings has substantially advanced our understanding of how diverse classes of neurons are generated at precise locations within the developing spinal cord (reviewed in [1]). Here, I shall briefly summarize the most significant of these advances and then focus on recent data that provide new insights into the mechanisms that control cell specification within the ventral spinal cord.
In the last decade, a series of findings has substantially advanced our understanding of how diverse classes of neurons are generated at precise locations within the developing spinal cord (reviewed in [1] ). Here, I shall briefly summarize the most significant of these advances and then focus on recent data that provide new insights into the mechanisms that control cell specification within the ventral spinal cord.
Dorso-ventral patterning of the neural plate
In vertebrates, the nervous system develops from newly induced neurectodermal tissue known as the neural plate. Studies with avian embryos have shown that, at the time in development when it is regressing, Hensen's nodethe chick equivalent of the Xenopus axis 'organizer' -bisects the caudal neural plate (Figure 1a ). The Hensen's node leaves behind some precursors of the floor plate [2, 3] , a specialized structure that differentiates at the ventral midline of the neural plate; the rest of the floorplate cells are recruited later from ventral neural plate progenitors [4] . Numerous in vivo and in vitro experiments have shown that, early in neural plate development, the underlying notochord plays an important role in the differentiation of ventral cell types. The notochord is the source of two ventralizing signals: a short-range signal involved in floor plate differentiation, and a long-range signal that controls motor neuron differentiation in ventrolateral positions (Figure 1b,d ) [1] .
As it differentiates, the floor plate itself rapidly develops the ability to produce ventralizing signals (Figure 1c ). The acquisition of dorsal fates is initiated at the neural plate stage by short-range signals from adjacent non-neural ectoderm (Figure 1a,b) [1] . At early stages of neural plate development, therefore, the notochord and the non-neural ectoderm control the establishment of the dorso-ventral pattern by exerting opposite effects. The notochord and the non-neural ectoderm then become separated from the neural tube and the floor plate and the roof plate take over their polarizing roles, acting as intrinsic sources of, respectively, the ventralizing and dorsalizing signals (Figure 1c ).
Signaling molecules that pattern the spinal cord
In the last few years, the secreted molecule Sonic hedgehog (Shh) -a homologue of Drosophila Hedgehog, long known to be an important patterning molecule -has been shown to mediate the short-range and long-range ventralizing activities of the notochord and floor plate [5, 6] . There are several lines of evidence for this. Shh is made by the notochord and floor plate at the time they display their ventralizing activities (Figure 1b,c) . Misexpression of Shh in transgenic animals can induce floor plate differentiation in ectopic positions, and recombinant Shh can induce the differentiation of floor plate cells and motor neurons in neural plate explants. Conversely, antibodies against Shh block the ability of the notochord and floor plate to induce ventral cell types. Finally, shh mutant mice fail to develop ventral cell types in the central nervous system (CNS) [7] .
How can a single factor mediate both the short-range activity that induces floor plate cells and the long-range activity that induces motor neurons? It appears that the nature of the ventral cells that are specified depends on the dose of Shh to which the precursor cells are exposed [5, 6] . Whereas high doses of Shh are able to convert neural plate precursors into floor plate cells, a lower dose is sufficient to obtain motor neuron differentiation, suggesting that Shh acts as a morphogen. As to the dorsalizing signal from the non-neural ectoderm, two members of the transforming growth factor-β (TGF-β) family -bone morphogenic protein 4 (BMP4) and BMP7 -are convincing candidates. Both signaling molecules are present at the same time as the non-neural ectoderm is producing a dorsalizing signal (Figure 1a -c), and both are able to mimic the signal's action on neural plate explants [8] .
Specification of progenitor cell identity
Many genes encoding transcription factors show regionalized expression in the developing neural tube [1] . Of these, some of the so-called Pax genes -which encode homeodomain proteins of the Paired-box subclasshave remarkable dorso-ventral expression patterns early in development [9] . For example, Pax3 is initially expressed in the entire posterior neural plate (Figure 1a ), but rapidly becomes restricted to the dorsal side in progressively more anterior regions (Figure 1b,c) . Conversely, Pax6 expression is only detected rostral to the node, first throughout the lateral walls of the closing neural tube, with the exception of the presumptive floor plate area. It is then rapidly down-regulated from the regions flanking the floor plate, leaving an expression domain in the ventral neural tube with a dorsal (high)-ventral (low) gradient (Figure 1c ) [9, 10] . Ventral progenitor cells that no longer express Pax6 turn on Nkx2.2, which also encodes a homeodomain protein (Figure 1c ) [10] . These transcription factors in dividing neural cells are rapidly extinguished from most of the postmitotic neurons, suggesting that they may confer progenitor cell identity.
How do Shh and BMPs affect progenitor cell identity?
Pax3 expression is induced in the early neural plate by posteriorizing signals derived from Hensen's node and the posterior non-axial mesoderm [11] . The restriction of the Pax3 expression domain to the dorsal part of the neural tube is controlled in a second step by the opposing actions of the dorsalizing (BMP4/7) and ventralizing (Shh) factors [8, 9] . Whether the rapid down-regulation of Pax3 observed in vivo is the result of Shh action alone remains to be determined. The signalling functions of Shh are mediated by an amino-terminal domain, released from the rest of the molecule by autoproteolytic cleavage; the signalling activity seems tightly associated with the Shh-expressing cells, so it is difficult to account for the long-range effect on Pax3 expression by direct Shh action alone [5, 6] . Down-regulation of Pax3 in the ventral neuroepithelium seems to be a prerequisite for ventral cell differentiation.
Misexpression of Pax3 in the basal plate inhibits floor plate differentiation and impedes motor neuron production [12] . Furthermore, when the neural plate is not exposed early enough to Shh, Pax7 (a Pax3 paralog) expression is maintained, and the progenitor cells lose their competence to differentiate into floor plate and motor neurons [13] . Consequently, it has been proposed that the down-regulation of Pax3/7 constitutes the first step of the Shh-dependent program, converting naive neural plate cells into a generic population of ventral progenitors (Figure 1b) .
Shh signaling generates neural diversity
The specification of distinct classes of ventral progenitors from the initially homogeneous population was proposed to depend upon a second phase of Shh signaling [13] . A recent paper [10] reports evidence that graded Shh signaling may generate distinct ventral progenitor subpopulations via its effect on Pax6 expression.
Ericson et al. [10] found that treating neural plate explants with relatively high doses of Shh gives rise to progenitor cells that no longer express Pax6 but that have started to express Nkx2.2 ( Figure 1c) . Progressively lower doses of Shh lead to the generation of progenitor subpopulations expressing higher Pax6 levels, which suggests that the dorsal (high)-ventral (low) gradient of Pax6 expression observed in vivo is established by a Shh gradient ( Figure  1c) dorsally, whereas the Shh level is unchanged (Figure 1e ). This suggests that, in wild-type embryos, Nkx2.2 expression is regulated indirectly by Shh-mediated repression of Pax6. Pax6 is thus likely to be an essential intermediary in the response to graded Shh signaling that establishes distinct ventral progenitor cell identity. Hence, according to their position relative to the source of Shh, distinct subpopulations of progenitor cells are generated in the basal plate.
Ericson et al. [10] also investigated whether the state of Pax6 and Nkx2.2 expression by ventral progenitor cells predicts the fate of their neuronal progeny. The ventral spinal cord contains distinct subclasses of motor neurons that appear to be defined by their combinatorial expression of 'LIM' homeobox genes [14] . Some ventrally located motor neurons originate from the Nkx2.2 expression domain, while the more dorsal ones apparently arise from the Pax6 expression domain (Figure 1d ). Two classes of ventral interneurons, V1 and V2, also originate from the Pax6 expression domain (Figure 1d ). Interestingly, the doses of Shh necessary in vitro to specify distinct classes of progenitor cells, as defined by their level of Pax6 and Nkx2.2 expression, lead to the differentiation of specific classes of neurons. These in vitro data encourage speculation that, in the ventral spinal cord, the specification of neuronal subtypes occurs via a Pax6-dependent generation of distinct progenitor subpopulations.
The importance of Pax6 in controlling the identity of the ventral progenitors, and thus the identity of the ventral neurons, has been emphasized by the analysis of small eye mutants [10, 15] . In small eye mutant embryos, no V1 interneurons are generated in the spinal cord, the differentiation of the V2 population is impaired and the number and/or subtypes of motor neurons is affected, the phenotype varying at different rostrocaudal levels. For example, at the rostral spinal cord/caudal hindbrain level, the loss of Pax6 results in a dorsal expansion of the Nkx2.2 expression domain ( Figure 1e ). The consequent dorsal-to-ventral transformation in the identity of progenitor cells leads to a misspecification of motor neurons, so that dorsally generated motor neurons take on an apparently ventral identity (Figure 1f ). The total number of motor neurons is unchanged at that rostrocaudal level, suggesting that Pax6 is not required for motor neuron generation, but is important for specifying subtype identity [10, 15] .
Interestingly, Shh appears to be responsible for inducing various classes of ventral neurons along the entire anteroposterior neural axis. The identity of the ventral neurons will depend upon the rostrocaudal position of the progenitor cells [16] . Such a regional specification has been reported for motor neuron subpopulations and has been shown to be independent of the notochord and floor plate [17, 18] .
Comparative analysis of the expression patterns in the spinal cord of three transcription factors -basichelix-loop-helix (bHLH) proteins of the neurogenin subfamily -showed that different factors are expressed by distinct groups of progenitor cells [19] . The suggestion is that neurogenins act as determination factors in distinct neural progenitor subpopulations, activating the common differentiation factor NeuroD. What might the relationship be between the Pax genes and the neurogenins? For neurogenesis, this question is unresolved, but there may be a lesson from myogenesis, which recent studies have shown is controlled by two distinct pathways, depending respectively on Pax3 and the bHLH myogenic regulator factor Myf5, both of which activate MyoD [20, 21] . By analogy, it is tempting to speculate that, in neurogenesis, Pax genes and neurogenins might cooperate to specify different neuronal subpopulations in a way that is still to be defined.
From studies of Drosophila neurogenesis, we have learned of other mechanisms -such as lateral inhibition and asymmetric cell division -that may play a major role in the determination of cell fate. Homologues of genes implicated in these processes have been identified in vertebrates, and it seems that evolutionarily conserved mechanisms may play important roles in defining neuronal identity in vertebrates. The challenge is now to understand how these different mechanisms are integrated in order to specify a particular neuronal identity in the central nervous system.
